Abstract Hypothalamic-pituitary-adrenal (HPA) axis control may be impaired in type 2 diabetes (T2DM). Glucocorticoids increase consumption of low quality foods high in calories, sugar, and fat. We explored the relationship between cortisol levels, poor blood glucose control, and food quality choice in T2DM. Twenty-seven healthy controls were age-, gender-and education-matched to 27 T2DM participants. Standard clinical blood tests and cortisol values were measured from fasting blood samples. Participants recorded all consumed food and drink items in a consecutive 3-day food diary. Diaries were analyzed for ''high quality'' and ''low quality'' foods using a standardized method with high reliability (0.97 and 0.86, respectively). Controlling for education, body mass index (BMI) and hemoglobin A1C (HbA1C), log-transformed cortisol (LogC) predicted the percent of low quality foods (R 2 = 0.092, b = 0.360, P \ 0.05), but not the percent of high quality foods chosen. Controlling for education, BMI, and LogC, HbA1C significantly predicted both the percent of low quality foods (DR 2 = 0.079, b = 0.348, P = 0.024) and high quality foods chosen (DR 2 = 0.085, b = -0.362, P = 0.022). The relationship between HbA1C and low quality food choice may be mediated by cortisol, controlling for BMI and education (P \ 0.01). HbA1C displayed both an indirect (cortisol-mediated) effect (P \ 0.05) and direct effect on low quality food choice (P \ 0.05). The relationship between HbA1C and low quality food choice may be partially mediated by cortisol. Poor blood glucose control may cause HPA axis disruption, increased consumption of low quality foods.
Introduction
In the next 40 years, the number of people with newly diagnosed diabetes will almost triple, from 11 to 29 million. It is estimated the United States, in 2007 alone, spent more than $174 billion on diabetes care [1] . Cardiovascular complications are the leading cause of morbidity and mortality in type 2 diabetes mellitus (T2DM) [2] . Poor lifestyle choices, namely over-consumption of energy and decreased physical activity, increase the risk of developing insulin resistance and T2DM [3] . Moreover, lifestyle modifications in diet and physical activity are crucial to improved T2DM control and slowing the progression of diabetes-related complications [4] . While it is known a healthy diet and exercise help to prevent T2DM, the direction of the relationship between T2DM and food choice remain unclear [5] . Behavior modification strategies in diabetes would greatly benefit from improving our understanding of the driving forces behind T2DM dietary control.
Established factors associated with food choice include socioeconomic status (SES), waist circumference, and cortisol [6] [7] [8] . People suffering from chronic stress may demonstrate increases in intake of ''snack-type foods'' [7] . Glucocorticoids (GCs) such as cortisol increase salience of satisfying activities, notably the consumption of food items with high sugar and fat content [9] . Likewise, a study by George et al. [10] observes increases in total caloric and total food consumption following corticotrophin releasing hormone (CRH) stimulation of the hypothalamic-pituitary-adrenal (HPA) axis. Contrary to the protective effects of acute GC elevations, chronic GC elevations and high nocturnal cortisol levels have been associated with hippocampal damage [11, 12] . In T2DM, impaired glucose regulation is associated with chronic hypercortisolism [13] . In a previous study using Dexamethasone (DEX) suppression tests, we show individuals with T2DM display reductions in HPA axis feedback inhibition. The reduction in hippocampal volume with accompanying declarative memory impairments and HPA hyperactivity suggest abnormal HPA feedback sensitivity in T2DM [14] .
Given that abnormal HPA feedback sensitivity dysregulates cortisol secretion, it is expected that food choice among individuals with T2DM may also be affected. This study explored the association between high cortisol levels and poor food quality choice in T2DM.
Method

Participants
This study involved 54 participants selected from larger ongoing studies on normal aging. Participants ranged from 45 to 78 years of age, who, at minimum, completed high school. Exclusion criteria included any signs, symptoms, or diagnoses of neurological, medical (other than T2DM and associated hypertension and dyslipidemia), and/or psychiatric disorders (including depression, alcohol, and/or substance abuse). Other exclusion criteria were a history of significant head trauma, stroke, hydrocephalus, lacunar infarcts, extensive white matter disease, or the use of corticosteroids or drugs that could affect cortisol levels (e.g., phenytoin, androgens). All participants provided informed written consent and were compensated for their time and inconvenience. All research protocols were approved by the Institutional Review Board of the New York University School of Medicine.
Classification of participants
Classification into the diabetic group required having at least one of three criteria: (1) fasting glucose greater than 125 mg/dl in two separate measurements; (2) 2-h glucose value over 200 mg/dl during a glucose tolerance test (75 g glucose); (3) previous T2DM diagnosis coupled with prescribed treatment by hypoglycemic agents and/or diet and exercise.
Procedure
All participants were evaluated by medical examinations, endocrine measurements, neuropsychological, and psychiatric evaluations, as well as a consecutive 3-day food record collection.
Glucose, insulin, glycosylated hemoglobin (HbA1c)
Following an overnight fast, glucose, insulin, and HbA1c were measured. A glucose oxidase method (VITROS 950 AT; Ortho-Clinical Diagnostics, Inc., Amersham, UK) measured glucose, immunoassay with chemiluminesence readout measured insulin (Advia Centaur; Bayer Corp., Leverkusen, Germany), and an automated high-performance liquid chromatography (HPLC) method measured HbA1c (Tosoh Corp., Kanagawa, Japan). All methods were certified by the National Glycohemoglobin Standardization Program.
HPA axis endocrine measures
Basal cortisol and glucose Intravenous catheters were placed 45 min to 1 h prior to the procedures to ensure that the stress of catheter insertions did not influence our findings. Prior to infusing a weight-adjusted dose of glucose for an intravenous glucose tolerance test (IVGTT) at 0930 h, two baseline blood samples (2 min apart) were collected from the sampling catheter from all study participants. Glucose and cortisol values were measured from both samples, and values were averaged to approximate basal glucose and basal cortisol.
Modified DEX/CRH test We used a shortened-version of the DEX/CRH assessment test to quantify HPA axis feedback. The details of this method were previously published [14] . Total cortisol was measured with an enzyme immunoassay (EIA; IBL, Hamburg, Germany) with a sensitivity of 0.1 g/dl.
Three-day food diary All participants were given clear instructions to record all food and drink (other than water) items consumed within a consecutive 3-day period. Participants were provided with the forms to record their food intake and instructed to return them to the laboratory for analysis upon their next visit.
Statistical methods
To compare group demographics, we used independent t tests to compare means between groups. Baseline cortisol and cortisol after DEX levels were log 10 -transformed prior to analysis to obtain a normal distribution. One rater, JIC, a PhD in Nutrition, quantified all food diary values. To measure inter-rater reliability, MD, a PhD candidate in Nutrition and Dietetics from the Department of Nutrition, Food Studies and Public Health at NYU, independently analyzed 30 food diaries. Both the rater and the double-scorer were blinded to the participants' group classification. This dietary assessment method demonstrated high reliability with inter-class correlation coefficients (ICC) for high and low quality foods of 0.97 and 0.86, respectively. Food items were classified a priori into the following groups: fruits and vegetables, meat, fish, dairy, junk food, soda, whole grains, fried foods, nuts, fast food, simple carbohydrates, and miscellaneous. Quantification of each food item was determined by serving sizes established by the American Dietetic Association. Fruits and vegetables, fish, whole grains, and nuts were classified as high quality foods. In addition, meat, junk food, soda, fried foods, fast food, and simple carbohydrates were classified as low quality foods [15] . As dietary patterns high in meat are associated with chronic diseases and conditions such as diabetes, obesity, and hypertension, meat was classified within the low quality category [16, 17] . Low quality dietary patterns (such as the Western diet) high in meat, saturated fat, and refined sugars are linked to obesity, diabetes, reduced cognitive function, hippocampal volumes, and Alzheimer's disease [18] . Therefore, we specifically focused on measuring intake dietary patterns (low quality and high quality) and not caloric intake. Miscellaneous foods (i.e., tofu), alcohol, and dairy were omitted due to large variability in documentation and inability to determine its content (e.g., fat-free yogurt vs. ice cream). Low quality percent was calculated as the percentage of low quality foods divided by the total number of foods consumed, which included alcohol, miscellaneous, and dairy items. Conversely, high quality percent was calculated as the percentage of high quality foods divided by the total number of foods consumed.
Multivariate linear regression models were used to determine the variance in the choice of food quality (high or low) explained by cortisol and HbA1c. Percentage of food quality (high or low) was set as the dependent variable. We controlled for education and body mass index (BMI) in the first step. Education is indicative of SES, and both SES and BMI have been associated with dietary quality [19] [20] [21] . To examine the amount of variance in food quality choice determined by blood glucose control controlling for cortisol, the log-transformed cortisol was added as the second step and HbA1c as the last step. To ascertain the independent contributions of glucose control and cortisol level in explaining the food quality, we inverted the order of entry for the second and third steps.
To test whether cortisol had a mediating relationship in the association between glucose control and low dietary quality, we employed a Sobel test using the Ohio State INDIRECT macro (http://www.comm.ohio-state.edu/ ahayes/spss%20programs/indirect.htm) [23] . The Sobel test evaluates whether a mediating relationship by cortisol statistically exists after controlling for education and BMI. We entered cortisol as the potential mediator with HbA1c as the independent variable, and education and BMI as covariates. Confidence intervals were set to 95%, with alpha levels at 0.05.
Results
Demographic variables and group descriptors
Statistical analysis of the demographic data showed no significant differences in age, gender, education (years), or height (inch) between lean control (n = 27) and diabetic groups (n = 27). Individuals with diabetes were significantly higher in weight (lb), BMI (kg/m 2 ), HbA1c%, fasting glucose (mg/dl), cortisol (lg/dl), and cortisol after the DEX suppression test (lg/dl) ( Table 1 ). The T2DM group consumed significantly more servings of low quality foods and significantly less servings of high quality foods than the control group (P \ 0.01). Moreover, the total number of food servings did not differ between groups, only the percentage of low quality and high quality food servings within the diet was significantly different. The total number of food servings was defined as all food items including alcohol, miscellaneous, and dairy items (P [ 0.05) ( Table 2) .
Multivariate linear regression
Our regression analyses ascertained how cortisol variables and/or glucose control contributed to food choice after accounting for possible confounders. Results indicated both cortisol and glucose control contributed independently to the variance of the quality of food consumed. Education (P = 0.563) and BMI (P = 0.331) were not significant predictors of low quality or high quality food choice in both models, taking the effect of either cortisol or HbA1c in the second step. After controlling for BMI and education and accounting for cortisol, the positive association between HbA1c and % low quality food servings significantly explained an additional 7.9% of the variance of % low quality foods (DR 2 = 0.079, b = 0.348, P = 0.024). In addition, after accounting for cortisol, HbA1c was negatively associated with % high quality food servings in the diet and this explained 8.5% of the model (DR 2 = 0.085, b = -0.362, P = 0.022). Reversing the order of the regression analysis allowed for the determination of additional variance explained by cortisol after accounting for HbA1c. In this reversed analysis, cortisol significantly explained an additional 9.2% of the variance in % low quality food servings, and displayed a positive association with % low quality food servings (DR 2 = 0.092, b = 0.360, P = 0.016). Cortisol also explained 6% of the variance in, and presented a negative association with, % high quality food servings after accounting for HbA1c (DR 2 = 0.060, b = -0.291, P = 0.052). The multivariate linear regression showed food quality was predicted by poor glucose control and cortisol (Table 3 ).
INDIRECT mediation model
We examined the mediation by log-cortisol on the relationship between T2DM and % low quality food servings with a Sobel test using the macro INDIRECT. Controlling for education and BMI, cortisol partially mediates the relationship between poor blood glucose control (high HbA1c) and low dietary quality. All coefficients, fulfilling requirements for partial mediation, were significant (as depicted by an asterisk in Fig. 1 ): a = 0.3066 (between HbA1c and cortisol), b = 0.0602 (between cortisol and % low quality food servings), and c 0 = 0.0417 (direct effect of HbA1c on % low quality food servings including mediation by cortisol). The total effect of blood glucose control (HbA1c) with the cortisol mediator on low dietary quality, or c, is the sum of c 0 and the product of a9b = 0.0602. R 2 for the total effect mediation model was 0.3130 (P = 0.0012, 95% CI: 0.0026-0.0479). The positive relationship between poor blood glucose control and low dietary quality was partially and significantly mediated by cortisol (P \ 0.05).
Discussion
In this study, we found individuals with type 2 diabetes displayed significantly higher cortisol levels and impaired HPA axis feedback (evaluated as cortisol after DEX) Unless noted, values are expressed as mean ± SD a Low quality of high quality items divided by total foods consumed b All foods, including alcohol, dairy, and miscellaneous items * Significant group differences (P \ 0.01) Table 3 Associations between food quality, basal cortisol, and HbA1C for all subjects, derived from linear regression analyses
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Step 3 (log cortisol) compared to age-, gender-, and education-matched healthy controls. Individuals with diabetes, although not reporting to consume more food overall than controls, reported to consume significantly less servings of high quality foods, and significantly more servings of low quality foods. Furthermore, both poor blood glucose control and cortisol explained the group differences in the percentage of low quality food servings. Differences in the percentage of high quality food servings were attributed to poor blood glucose control alone. Lastly, we found cortisol partially, but significantly, mediates the predictive relationship between poor glucose control and low quality food choices. Though this does not necessarily prove causation, it lends some support to the causal theory in which poor blood glucose control causes hippocampal damage and consequently HPA axis disruption, which in turn may be followed by increased appetite for low quality foods. Although this proposed causal direction is likely possible, the reverse may also be true; a greater consumption of low quality foods may lead to HPA axis dysfunction. The imbalanced intake of low quality foods high in sugar and fat may predisposes one to become overweight or obese, which in conjunction with HPA axis dysfunction may lead to the development of type 2 diabetes. The hippocampus, an important regulator of the HPA axis, and hippocampalbased cognitive function may be influenced by diet choice. Specifically, overconsumption of the Western Diet, a dietary pattern marked by high intake of saturated fat and refined simple carbohydrates, may negatively impact hippocampal integrity. This hippocampal impairment may be directly related to weight gain resulting from Western diet overconsumption [18] .The partial mediation by cortisol between T2DM and low quality food choice found in our study is well-supported in the literature. First, we previously established that HPA axis dysfunction occurs in T2DM, and that this dysfunction is reflected in increased basal cortisol levels and decreased responses to DEX suppression [14] . Second, many studies describe the increase in food intake, particularly of more palatable foods, following increases in stress, cortisol, and CRH. This second line of support is further augmented by BOLD fMRI studies indicating that reward signaling and reward sensitivity are significantly lower under stress, and correlate to high energy intake. These changes in reward sensitivity may be attributed to changes in putamen activation [22] . In addition, pharmacological stimulation of the HPA axis with CRH leads to increased food intake, which supports the theory that the HPA axis is highly tied to appetite [10] . Although the concept of glucocorticoids increasing the consumption of low quality foods is not new [9, 23, 24] , what is novel is the possibility that the HPA axis is a intermediary between T2DM and the consumption of a low quality diet. Quality of glucose control, estimated in this study by HbA1c, predicted both the percent of low quality and high quality food consumed. Our results suggest that T2DM itself may impact appetite, and that in addition to the effect mediated by cortisol, it also has a direct effect. These results suggest a mechanism in which blood glucose control may directly impact appetite. This position is in part supported by rodent studies where insulin alone can modulate how the reward system in the brain responds to foods that are high in fat and sugar [25] . Furthermore, obese rodents need to consume larger quantities of low quality food in order to experience the same hedonic signal [26] .
It is possible that cortisol controls a physiological response that only influences the choice to consume more palatable foods. In other words, cortisol may only control appetite for low quality foods but not high quality foods. Low quality foods, high in calories, sugar, and fat, may relieve stress by stimulating the anterior portion of the nucleus accumbens and generating a reward (pleasure) signal. Furthermore, under instances of chronic stress, levels of glucocorticoids and insulin are elevated, which may promote intake of low quality foods. As a result, increased caloric intake promotes centrally distributed fat storage, which also decreases feed-forward to the HPA stress system [23] .
In contrast to low quality foods, high quality intake may be controlled by inhibitory behavioral control, namely the ability to withstand the impulse to consume foods rich in sugars and fat, which are likely to be highly palatable. The Stroop test is a neuropsychological measure that can be used to estimate behavioral inhibition (the ability to check automatic responses to impulses). In this study, individuals with T2DM displayed a significantly lower mean Stroop score than controls (-3.586, SD 8.78 vs. 1.594, SD 7.14, P \ 0.05, respectively). This difference in the Stroop score indicates that our individuals with T2DM may have decreased behavioral control, and this may have further contributed to the observed higher intake of low quality food servings. However, the Stroop test scores were not directly associated with the percent of low or high quality foods consumed, making a loss of behavioral inhibitory control as measured by the Stroop not the direct explanation.
In summary, we demonstrate that in type 2 diabetes an increased low quality foods consumption may be mediated by increased cortisol. In addition, our data lends preliminary partial support to a possible causal order in which poor blood glucose control may disrupt HPA axis feedback (perhaps mediated by the hippocampal atrophy that is associated with T2DM), which in turn may lead to increased appetite for foods high in sugar and fat.
